relationship is very much the treatment as presented in the classic paper by Coney and Reynolds 20 (1977) however we think this updated version of this analysis offers three advantages over the 21 original. Firstly, the presentation of Coney and Reynolds (1977) Ar ages, which are more reliable in estimating the time of 24 formation of these rocks. Secondly, the data of Coney and Reynolds came mostly from New 25
Mexico and Arizona but Fig. 1 shows data from a much broader area. Thirdly, the line of 26 projection used by Coney and Reynolds was almost E-W in orientation but our line, with a 27 bearing of about 045 (Fig. 1B) , better approximates the vector of Farallon-North America 28
convergence. The actual FA-NA direction of convergence varied from ~020 to 070 from 90 to 30 29
Ma (Saleeby, 2003; Yonkee and Weil, 2015) so 045 is the approximate average direction. 30
Moreover, we find that for lines of projection with orientations from 045 to 055 the apparent rate 31 of passage of the CSR and the apparent rate of the northwestward translation of the eastern edge 32 of the Laramide deforming zone are closer to each other than for lines of projection with other 33 orientations. Rates obtained using this line of projection may be less than the total convergence 34 rate between FA and NA. 35
Numerical modeling. Our two-dimensional numerical model investigates subduction below 36 the western United States from 90 to 30 Ma, using plate velocities and lithosphere structures 37 consistent with those of the Farallon and North America Plates during this time. The modeling 38 procedure follows that of Liu and Currie (2016) . Plate convergence is imposed through boundary 39 conditions and the oceanic plate geometry evolves dynamically within the model domain. The 40 coupled thermal-mechanical evolution of the subduction zone is calculated with the finite-41 element code SOPALE (Fullsack, 1995) . Arbitrary Lagrangian-Eulerian techniques are used toincompressible creeping (Stokes) flow, assuming incompressibility and subject to plane-strain 44 conditions and the assigned boundary conditions and material properties. The energy equation 45 includes terms for strain heating and a temperature correction for adiabatic heating (Currie and 46
Beaumont, 2011). 47
The model represents a vertical cross-section along profile A-A' (Figure 1) , with the initial 48 model geometry shown in Fig. DR2 . The model domain is 4000 km wide and 900 km deep and 49
consists of an oceanic plate that converges with a continental plate. The continental structure 50 roughly reflects that of the western United States, with 120-km-thick lithosphere adjacent to the 51 plate margin and 200-km-thick lithosphere inboard (Liu and Currie, 2016) . The oceanic plate is 52 90 km thick and has a thermal structure consistent with a plate age greater 70 m.y (Yonkee and 53 Weil, 2015) . An oceanic plateau, representing the conjugate Shatsky Rise (CSR), is placed 54 within the oceanic plate 600 km outboard of the plate boundary. The plateau has a crustal 55 thickness of 24 km and is 1000 km long, similar to the general structure of the Shatsky Rise in 56 the northwest Pacific (Korenaga and Sager, 2012; Zhang et al., 2016) . The lithosphere thickness 57 for the plateau region is the same as that for normal oceanic crust. 58 Table DR1 gives the mechanical and thermal properties for the materials in the model. All 59 materials have a temperature-dependent density and a viscous-plastic rheology. The plastic 60 rheology follows a Druker-Prager yield criterion, and the viscous rheology corresponds to 61 thermally-activated power-law creep, with parameters taken from laboratory experiments. A 62 scaling factor is used to linearly increase or decrease the viscous strength relative to the 63 laboratory samples as a way to account for strength variations due to minor changes in 64 composition or water content (Beaumont et al., 2006) . Material parameters follow those used in4 previous studies (Liu and Currie, 2016; Beaumont et al., 2006) . The sublithospheric mantle hasa wet olivine dislocation creep rheology (Karato and Wu, 1993) to a depth of 660 km. Below 67 this, the same flow law is used, and the effective viscosity is scaled upward by a factor of 5 to 68 create a stronger lower mantle; we do not model the detailed phase changes within the mantle 69 transition zone. The oceanic and continental mantle lithospheres are assumed to be relatively dry 70 and thus their respective strengths are a factor of 5 and 10 times greater than the reference wet 71 olivine. The larger factor for the continent reflects drier conditions that may be associated with 72 cratonic lithosphere. For simplicity, the entire continental mantle lithosphere initially has the 73 same viscous rheology. 74 to the side boundaries of the sublithospheric mantle. Models are run in a continental reference 82 frame by adding the continental velocity to all side boundaries (Liu and Currie, 2016) . 83
The model is initialized with a 2D thermal structure that is consistent with the thermal 84 boundary conditions and material properties, and the oceanic and continental plates are brought 85 into isostatic equilibrium. Following this, subduction is initiated by applying a velocity of 5 86 cm/yr to the oceanic plate. After 600 km of convergence, a well-developed steep-angle 87 subduction zone is created. At this time, the oceanic plateau is adjacent to the trench. We takedensification of this material does not significantly affect the overall slab dynamics owing to the 112 small thickness of this layer. On the other hand, the density of the CSR crust is the primary 113 control on the development and removal of the flat slab segment. Previous geodynamic models 114
show that basalt metastability is required in order for an oceanic plateau to remain buoyant 115 enough to induce flat subduction (Liu and Currie, 2016; van Hunen et al., 2002; Arrial and Billen, 116 2013 ). In our model, the CSR basaltic remains metastable during subduction and it undergoes 117 later densification, corresponding to a delayed eclogite phase change. Model experiments show 118 that timing of the phase change-specifically, the time at which the plateau density exceeds that 119 of mantle-controls the end of flat-slab subduction. Densification of the CSR crust is imposed 120 from 58 to 48 Ma, assuming progressive eclogitization within the entire plateau crust. The timing 121 of densification is chosen to match the geological observations ( Figure 1B) , and the duration is 122 arbitrary but is consistent with the reaction rates from van Hunen et al. (2002) . We speculate that 123 the CSR crust was relatively water-poor and therefore the eclogite phase change was kinetically 124 Termination of flat subduction also requires that the flat-slab segment decouples from the 130 continental mantle lithosphere and sinks. In our model, the continental mantle lithosphere is 131 initially dry and thus is 10 times more viscous than the reference wet olivine under the same 132 conditions. In order to allow decoupling and slab rollback, the continental mantle lithosphere 133 must be weaker. Here, we assume that as the flat slab develops, fluids released from the slaband Beaumont (2011) show that extensive continental hydration could arise from the breakdown 136 of hydrous minerals in the Farallon mantle lithosphere. Widespread hydration of the western US 137 lithosphere is also indicated by geophysical observations (Humphreys et al., 2003 ). An alternate 138 idea is that the western part of the continent was initially hydrated and thus weak owing to the 139 long history of subduction prior to the Late Cretaceous. In the model, weakening occurs from 75 140 Ma until 50 Ma (i.e., during flat-slab subduction). Weakening occurs through a linear decrease in 141 viscosity by an order of magnitude over this time, corresponding to a transition from a dry to wet 142 mantle lithosphere. Weakening affects the region of the continent that overlies the flat slab. For 143 simplicity, the entire thickness of mantle lithosphere is weakened, but flat slab removal only 144 affects the deepest part of the lithosphere. 145
We note that our two-dimensional model is a simplified representation of the three-146 dimensional world. For example, with the plane-strain assumption, all material must flow within 147 the model plane. Therefore, the model does not address the three-dimensional slab geometry (i.e., 148 the along-strike transition between normal subduction and the flat-slab section) nor how along-149 strike mantle flow may affect the rate of slab shallowing or rollback (van Hunen et al., 2002; 150 Arrial and Billen, 2013) . Slab strength and material movement oblique to the model plane may 151 affect the rate at which the slab geometry changes. In particular, rollback of the flat slab may be 152 easier in three dimensions, as mantle can flow around the edge of the slab. In addition, plate 153 convergence is imposed through assigned boundary velocities, whereas tectonic plates are driven 154 by forces arising from density variations. Subduction of a buoyant plateau reduces the overall 155 negative buoyancy of the slab, which may result in a decrease in the convergence rate (Arrial and 156 strike width of the plateau is a significant fraction of the subduction zone width. Saleeby (2003) 158 and Liu et al. (2010) estimate that the along-strike width of the CSR was ~500 km, which is less 159 than 10% of the length of the Cretaceous subduction zone of western North America. Therefore, 160
we follow previous studies (van Hunen et al., 2002; Arrial and Billen, 2013) in assuming that 161 continued plate convergence was driven mostly by forces acting on the slab to the north and 162 south of the model profile, where no plateau was subducted. 163
An animation of our model is given in Movie DR1. In the plots, the CSR crust changes color 164 as it enters the eclogite stability field, but as noted above, we assume that it remains metastable 165 until 58 Ma. The model demonstrates how the development of flat-slab subduction is consistent 166 with subduction of metastable, and thus buoyant, oceanic plateau crust. Removal of the flat slab 167 commences at ~55 Ma, corresponding to the time at which the CSR crust density becomes 168 greater than that of the mantle. was reported, we used only the age from the mineral with the highest closure temperature for Ar. 178
Estimates for the time of youngest marine sedimentation are from stratigraphic descriptions of 179 the various areas; sources for these estimates are given in Table DR2 . Locations where asignificant hiatus exists between the youngest marine strata and overlying non-marine were not 181 included in the analysis. 182
Estimates for the timing of the initiation and the cessation of Laramide deformation come 183 from a variety of data including stratigraphic, structural, thermochronologic, and geochemical 184 observations. Structural data bracket the initiation or cessation of deformation by taking note of 185 the age of deformed and undeformed rocks. Estimates of the age of deformation from 186 stratigraphic data come from the age of the oldest strata for which isopachs suggest a Laramide 187 depocenter adjacent to a Laramide uplift (Dickinson et al., 1988) and the presence of coarse-188 grained, non-marine sedimentation near a Laramide uplift (Dickinson et al., 1988; Cather, 2004) , 189 especially where conglomerate clasts indicate uplift and erosion of young pre-Laramide 190 sedimentary units, possibly along steep basement-involved faults (Dickinson et al., 1988) . Analysis of oxygen isotopes of pedogenic and lacustrine carbonates and hydrogen isotopes 199 from volcanic rocks suggest that surface elevations during the early Cenozoic were at least 2 km, 200 and in many cases 3 km above sea level. Sources for our presentation of these data in Fig. 1 are  201 given in Table DR5 . 202 Fig. DR3 is a map keyed to the sources given in Tables DR2-DR5 . p. GSA Bull., v. 106, GSA Bull., v. 121, . of Idaho, Wyoming, and Utah, AAPG Bull, v. 67, p. 1304-1322. 359 Zhang, J., Sager, W.W., and Korenaga, J., 2016, The seismic Moho structure of Shatsky Rise 360 oceanic plateau, northwest Pacific Ocean, Earth Planet. Sci. Lett., v. 441, . 361 
Montana
3.010 root of the second invariant of the strain rate tensor, P is the total pressure, T is the temperature, f is a scaling factor, B * 399 is the pre-exponential factor, n is the stress exponent, E * is the activation energy, V * is the activation volume and R is the 400 universal gas constant. 
403
f the first A corresponds to crustal heat production for the 120 km thick lithosphere (Fig. DR4) 
